Abstract--A three-compartment lettuce model designed to predict growth and nitrate concentration under severe nitrogen stress conditions is described and calibrated using data of N-limitation experiments. Since the limited amount of data does not allow calibration of all the model parameters, sensitivity analysis was used to determine which parameters should be estimated using this data.
Indicates that the units depend on the output variable.
INTRODUCTION
Several types of lettuce models have been developed over the years. Models that focus on carbon accumulation (growth), and assume nonrestricting nutrient supply, have been reported in, e.g., [1] [2] [3] [4] . Recently, Seginer et al. developed a lettuce growth model for mild nitrogenstress conditions [5, 6] . This model, which is referred to hereafter as the 'original Nicolet model', has been shown in [5] to fit fairly well the seasonal variations of nitrate observed in greenhouse lettuce [7] .
The original Nicolet model allows only small variations in the water and reduced-nitrogen contents. While this is acceptable under mild N-stress conditions, under severe N-stress, both water and N-content decrease significantly [8, 9] . To accommodate these observations, in [101 Seginer added a so-called 'excess-carbon' compartment, where carbon that can not be matched by nitrogen, is stored. In the present paper, this model is briefly described and fitted to data collected under severe N-stress conditions, and the dynamic behavior of the model is examined.
MODEL
A detailed description of the model has been presented in [10] , and only a brief outline is recalled here.
The model is shown schematically in Figure 1 . The three virtual compartments are the metabolically active 'structure', a soluble raw-material buffer labeled 'vacuole', and 'excess-C', a 'surplus' carbon storage compartment. The amounts of reduced-N and of water are assumed to be proportional to the size of the structure, and the variable-size excess-C compartment allows for variations in the water content and N-to-C ratio on dry-mass basis. A central element of the model is that primary carbon compounds and nitrate, both residing in the vacuole, complement each other in maintaining a constant osmotic pressure [11] [12] [13] . 
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Balance Equations
In accordance with Figure 1 , the carbon balances of the model are
In these equations Mci denotes the mass of carbon per unit ground area (or floor area) of the respective compartment i, where the subscripts v, s, and e refer to the vacuole, structure and excess-C compartments. FCp, Fcg and Fc,~ are the photosynthesis, growth respiration and maintenance respiration fluxes. Fcq are the carbon fluxes from compartment i to compartment j.
The nitrogen balances are
where MNv and MNs are the mass of nitrogen in the vacuole and structure compartments (per unit ground area), FN~ is the nitrogen uptake rate, and FN~s is the flux of nitrogen from the vacuole to the structure.
Compositional Relationships
It is assumed that a constant N-to-C ratio and a constant water content are associated with the structure, namely,
MN~ = rNMcs,
where rN is the N-to-C molar ratio in the structure, and A is the volume of water per mole of structural carbon. A central element of the Nicolet model is the osmotica balance
where tic and/3N are the osmotic pressures associated with one unit of vacuolar C or N, and IIv is the total osmotic pressure (assumed here to be constant). After normalization, equation (8) becomes Finally, growth respiration is assumed to be proportional to growth
Nutritional Regimes
Differentiating equation (9) with respect to time, and using equations (1), (2) , and (6), leads to where
is a collection of parameters. The carbon fluxes in the right-hand side of equation (12) depend solely on the shoot environment and state of the crop. On the other hand, the left-hand side of equation (12) may be affected by the availability of nitrogen. Introducing nitrogen supply (potential nitrogen uptake), Fs~, and carbon demand (potential carbon growth), FDvs, two cases must be considered.
the crop is N-stressed and the instantaneous growth must adjust to the limited nitrogen supply
growth is not N-limited, and nitrogen uptake is adjusted to the demand for carbon:
aN Note that such a "demand-driven" approach for determining nutrient uptake under nonlimiting conditions has been suggested, for instance, in [14] .
Carbon Fluxes
The carbon fluxes that form the right-hand side of equation (12) are formulated as
Fc,~ = e {Ta} f {Mcs}, (21) and the carbon demand is formulated as FD,~ = g {Ta} f {Mcs} hg {Fc,} •
The fluxes defined by equations (18)- (22) are functions of the shoot environment (light, I; temperature, Ta; CO2 concentration, Cc~), and the state of the crop (Mcs, Fcv). The parameter ~, which appears in equations (18)- (20), is an interpolation parameter (between 0 and 1), and controls the degree to which photosynthesis is affected by the inhibition function hp. Setting to 0 reverts the model to the original Nicolet model, in which there is no storage of excess carbon.
The fluxes of potential gross photosynthesis and growth are formulated as
where e {T.} = k exp {c (T. -T')}.
z is the photosynthetic efficiency, ~ is the conductance to CO2, k is the maintenance respiration rate at T*, and v and e are constant coefficients. The effect of crop size on the fluxes is modeled
where a is a light extinction coefficient. The inhibition functions hp and hg are formulated as
where bg, bp, sg, and Sp control the shape of the inhibition functions. Growth inhibition, hg, approaches zero as the vacuolar carbon becomes depleted, and increases asymptotically to one with increasing vacuolar carbon content. Photosynthesis inhibition, hp, is qualitatively a mirror image of hg. The interpretation of hp depends on the value of ~. When ~ equals 0, which corresponds to a model without an excess-C compartment, hp is a photosynthesis inhibition function. When 0 < ~ < 1, photosynthesis is only partially inhibited (no inhibition when ~ = 1), and hp acts as a partitioning function that diverts a fraction of the carbon to the excess-C compartment.
EXPERIMENTAL DESIGN AND PROCEDURE
The data used to calibrate the model were collected in experiments conducted with lettuce (Lactuca sativa cv. 'Flandria') between June and September 1999, at the Research Station for
Floriculture and Glasshouse Vegetables, Aalsmeer, The Netherlands [15] . The experiments were carried out in a 75m 2 phytotron with eight (30cm×40cm) polyethylene containers filled with aerated nutrient solution. Each experiment consisted of four nitrogen fertilization treatments, namely a control treatment (with ample nitrogen supply), two treatments with limited nitrogen supply, and a treatment without any nitrogen supply. The experiment was repeated twice, and a summary of the shoot environment, which was monitored continuously, is shown in Table 1 . The lettuce seeds were sown in vermiculite, moistened with a dilute nutrient solution ( Table 2 , first row) under natural light conditions at a temperature of 20 ° C. After emergence, the seedlings were irrigated every two days with a more concentrated nutrient solution ( Table 2 , second row). On day 14 after sowing, 11 seedlings were transferred to each container and suspended over the solution through polyurethane lids. The seedlings were then grown in a standard nutrient solution ( Table 2 , third row) for 14 days, after which the nitrogen treatments denoted as control, 12%, 6% and 0%, were imposed. The plants of the control treatment were transferred to a solution similar to the standard one ( Table 2 , fourth row) and the plants of the 0% treatment were transferred to a solution completely devoid of nitrogen (Table 2 , fifth row). The plants of the 12% and 6% treatments were transferred to solutions similar to the one used for the 0% treatment. Subsequently, they were supplied daily with exponentially increasing nitrogen doses, following the method described in [16] (Table 2 , last row).
For the 12% and 6% treatments, the amount of nitrogen added daily (per plant) was calculated using the formula:
where Dd is the amount of nitrogen added on day d, and R is the exponential increase factor, per day, set at 0.12 and 0.06 in treatments 12% and 6%, and ~-is the time interval between two consecutive additions (in the present experiments, one day). The initial dose, supplied on the first day of the limiting treatments, was calculated according to:
where OFM0 is the plant fresh mass on day 0, and w is the assumed N concentration of an unstressed plant. The factor w was taken as 60 and
for the first and second experiment, respectively. The increase was required because N limitation was too severe in the first experiment. Regretfully, an error occurred during the 12% treatment of the first experiment, and starting on day 2, an exponential factor t~ of 0.06 rather than 0.12 was used when preparing the daily addition doses. These deviations were taken into account in the simulations. Plants were harvested just before the application of the treatments (day 0), and on days 3, 7, 14 and 21 after the beginning of the treatments. In each harvest, two randomly selected plants were removed from each container. The plants were cut at the root-shoot junction and the fresh mass of the above-ground parts was recorded. Subsequently, the above-ground tissue was frozen in liquid nitrogen and stored at -80 ° C until freeze drying. Freeze-dried samples were placed in a forceddraft oven at 70 ° C for 24 hours. After determination of the dry mass, total N concentration was determined by volumetry after combustion, and nitrate concentration was measured by autoanalyzer.
MODEL CALIBRATION
Selection of Parameters to be Adjusted Altogether, the model has 16 parameters. Two of these are directly correlated to other parameters, and could be eliminated from the model: Hv(equation (8)) and T* (equation (25)). Since the remaining 14 parameters could not be all estimated with the limited amount of data available, the calibration proceeded in stages. Values of the parameters not specific to this model were initially obtained from the literature [17] . The parameter ~, which is specific to this model, was initially estimated by crude calculations. Trial and error simulations with the new data were then used to improve on the initial values, leading to a set of 'nominal' parameters, for which the model predictions were qualitatively correct. Finally, sensitivity analysis was used to determine the parameters to which the model predictions were most sensitive. Only these parameters were selected for the final adjustment, following the methodology described in [18] , and which can be summarized as follows.
i. Having chosen a fitting error function, calculate the sensitivity of the model predictions with respect to the parameters. Note that the sensitivity calculations are directly related to the formulation of the error function.
2. Rank the parameters according to the sensitivities. 3. Determine the number of parameters that can be identified, based on the condition number of the Fisher information matrix. Denote this number by n. 4. Eliminate parameters correlated with other parameters to which the predictions are more sensitive, and select the first n remaining parameters. 5. If necessary, eliminate the last parameter(s) of this subset until the condition number of the Fisher matrix of this subset is less than the desired threshold. 5. Fit the selected parameters by minimizing the error function.
Before proceeding with the calibration, it is useful to note that the ratio )~/r N can be estimated directly from the water and reduced-nitrogen data, since from equations (6), (7),
which is the slope of the line in Figure 2 . The water-to-nitrogen ratio is remarkably similar for all the treatments. Although a better fit could be obtained with a nonzero intercept, or a non-linear relationship, these are not compatible with the model. Therefore, in the subsequent calculations, the ratio A/rN is taken equal to the best fit through the origin shown in Figure 2 , and r N is removed from the parameter set. 
Choice of the Error Function
The error function Y should include all the variables that are to be predicted with high accuracy and for which measurements are available. In our case, the fresh mass and the nitrate content are the most important variables from the practical point of view, while from a scientific standpoint the dry matter content and the reduced nitrogen content are also of interest. Since, however, the last two variables are inter-correlated ( Figure 2~ Equation (31) ), only one of them needs to be included in the error function. Consequently, the (dimensionless) error function is formed by combining the prediction errors for fresh mass, nitrate concentration and dry matter content:
where OFM, OVN, and ODM are the fresh mass, vacuolar nitrate concentration, and dry matter content calculated from the model predictions, and OFM, OVN, and ODM are the corresponding measurements. The summation (index L) is performed over all the data points available. Note that for the fresh mass, which is an 'accumulating' (extensive) variable and increases almost exponentially with time, the relative error is used. For nitrate concentration and dry matter content (intensive variables), which vary over a much narrower range, the errors are normalized with respect to fixed reference values listed in the Appendix. These reference values were chosen such that the fresh weight relative errors, the DMC normalized errors, and the nitrate normalized errors were of the same order of magnitude. Note that these normalization values are equivalent to weighting factors, and determine the relative contribution of each variable to the error function.
Conversion Between Model State Variables and Measured Outputs
In order to compare the model predictions with the measurements, it is necessary to convert the state variables Mc~, Mcv, and Mc~, to estimates of the measurable quantities, such as fresh mass per plant, dry matter content, NO3 concentration, and reduced-N content.
Assuming that vacuolar constituents not explicitly recognized by the model, such as K + or CI-, are correlated with the carbon and nitrogen compounds [13] , one may write 
where p is the density of water. From equation (8) (6)) by the calculated dry mass (per m2):
MN s ORN ----[O~c (Mcs -~-Mcv -~-Mce) + OLNMNv] " (3s)
Note that the new parameters p, ~c, and C~N, are treated as known constants that require no fitting.
The initial values of the state variables can be obtained from the measurements by inverting equations (34)- (37), and replacing the model predictions O by the respective measurements O.
RESULTS
Parameter Estimation
The nominal values of the parameters are listed in the Appendix. With the exception of bp, ~, and ~, these values were taken from [17] , who calibrated the original Nicolet model using the data reported in [3] . The values of bp and s were changed based on a preliminary inspection of the N-limitation data, which showed, (1) that the original value of bp (0.8) prevented the nitrate concentration from approaching zero, as was observed in the new N-limitation data and the data of [19] , and (2) [5] to fit the original Nicolet model to the data of [7] .
No previous estimates of the interpolation parameter ~ were available, and preliminary inspection of the N-limitation data led to selecting 0.5 as nominal value. In order to calculate the plant density and the nitrate supply per m 2, the effective light capturing area per container, which is the horizontal projection of the plants, is required. Since the plants were allowed to grow beyond the edges of the container, this area could be considerably larger than the container itself. Therefore, the effective light capturing area was treated as a free parameter, and a nominal value of 45 cmx55cm was assumed.
Once a set of nominal parameters was available, the method described in [18] was used to determine which parameters should be further adjusted. This procedure requires a condition number threshold and a correlation threshold, which are interdependent [20] . Using a condition number threshold of 40, and the corresponding correlation threshold of 0.95, resulted in adjusting the four parameters shown in Table 3 , Since severe nitrogen stress data. were used for calibration, it is not surprising that the parameters to which the predictions are most sensitive, are those related to nitrate and water content. 
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Effects of Supply and Demand
The effects of supply and demand on growth and internal composition are illustrated by simulations of the control and the 6% treatment of the first experiment. Figure 3 shows the results for the control treatment. Note the effect of the harvests, which resulted in changes of the amount of biomass per unit area, on the state variables (top frame). Throughout the simulation, the mass of structural carbon is approximately ten times that of the vacuolar carbon. Since nitrogen supply is abundant, the plant's growth rate is determined by light and temperature. Under the conditions of the experiment, the light-temperature ratio is such that all the production of photosynthesis can be used almost immediately for structural growth. Therefore, the carbon content of the vacuole (middle frame) remains close to its lowest attainable level (determined by bg). A small diurnal fluctuation is visible, as a small amount of carbohydrates is stored in the vacuole during the day, and transferred to the structure at night. In the bottom frame of Figure 3 , the 'demand' and 'actual' carbon-growth fluxes (from vacuole to structure) coincide, which agrees with the abundant availability of nitrogen. There is no storage of surplus carbon in the excess-C compartment (top left frame, Mc~ equals zero throughout the simulation). Figure 4 , for the 6% treatment of the first experiment, is similar in format to Figure 3 . Here the carbon content in the vacuole (middle frame) approaches its upper limit (determined by bp).
Structural growth is restricted by nitrate supply, and the actual carbon-growth flux is only a fraction of the demand (bottom frame), which in itself is small due to the small size of the structure compartment (Mcs, top frame). A significant amount of carbon is transferred to the excess-C compartment, and, as a result, the carbon mass of the excess-C compartment exceeds, towards the end of the simulation, that of the structure (top frame). 
Comparison Between Measurements and Model Predictions
Figures 5 and 6 compare the measurements and predictions of the fitted model for the four treatments of both experiments. For the control treatments, the model predicts, correctly, a much faster growth during the first of the two experiments, due to the much higher light level (Table 1) . For the stress treatments, the model predicts correctly the effects of nitrogen stress: decreased fresh matter accumulation, increased dry matter content, decreased nitrate concentration, and decreased reduced-nitrogen content. Note that because of the relationship between reduced-N content and water content imposed by the structure of the model (Figure 2 , and accompanying discussion), improvements of the reduced-N predictions would result in deterioration of the predictions of the dry matter content. Since only the DMC was included in the error function Y (equation (32)), it is natural that DMC, rather than reduced-N, is fitted more accurately.
DISCUSSION
Effect of N-stress on Growth and Dry Matter Accumulation
According to the model, an imposed nitrogen stress reduces growth (in terms of fresh mass) and dry matter accumulation in the following manner. Reduction of the N-supply results in an immediate reduction of the growth rate, because a larger fraction of the newly created carbohydrates must remain in the vacuole to compensate for the depletion of vacuolar nitrate. This reduces the flux of cabohydrates available for growth, even while the vacuolar nitrate is still ample. After complete depletion of the vacuolar nitrate, growth stops completely, although dry matter accumulation continues at a reduced rate (depending on the value of ~). If the N-stress is applied before canopy closure, the reduced growth results in a small canopy that captures less light than unstressed plants, which further reduces growth. This is illustrated in Figure 7 , which shows that at the end of the simulation of the first experiment, the model predicts that the plants of the 6% treatment intercept only about one third of the light intercepted by the control plants. Simulated relative growth rate, on dry matter basis, for constant cnvi- Figure 8 . ronments (zero nitrate supply, Ta = 20°C, daily light integral: 5 and i0 tool[PAP] /(m2day)), compared with results of [19] . The simulated RGR were calculated every 6 hours. The data from [19] are for days 0, 1, 4, 7, 11, and 15 after beginning of treatment. . These results are qualitatively similar to the observations re-ported in [19] , which are reproduced on the same figure, and show two regimes: for the first few days, the vacuolar nitrate can be used for growth, which decreases very slowly (although faster than due to ontogeny alone). Once vacuolar nitrate has been depleted, RGR decreases abruptly. The time required to deplete the vacuolar nitrate depends on the growth rate: Nitrate is fully depleted after three days for the simulation with a daily light integral of 10 mol/(m2d), compared to six days for the simulation with 5 mol/(m2d).
Effect of N-stress on Internal Composition
Similarly to the observations reported in [8] , Figures 5 and 6 show that the dry matter content remains almost constant for the unstressed plants, and increases with time for the stressed plants.
Figures 5 and 6 also show that for the stress treatments of both experiments, the nitrate depletion is much more rapid than the dilution of reduced nitrogen. This is in agreement with the observations that lettuce plants moved to a zero-nitrate solution (similar to 0% treatment) lost all their stored nitrate within four to six days, while reduced nitrogen content decreased asymptotically and slowly throughout the 15-day treatment [21] . Note that the model implicitly assumes that, in the absence of nitrogen supply, the amount of total-N in the plant remains constant. However, inspection of the experimental data showed that the amount of total-N (per plant) decreased toward the end of the experiments. Clearly, such a decrease, which is due either to unmodeled processes or simply results from measurement errors, could not be predicted by the model.
Combining the results presented in the second and fourth frames of the control plants in Fig clear that the 12% and 6% treatments imposed during the first experiment were more restrictive than intended, and that the value of ~ used to plan the second experiment was more appropriate.
CONCLUSION
Altogether, the model has 14 parameters, all of which could not be calibrated due to the limited amount of data available. Fortunately, for most parameters, nominal values could be obtained from the literature, and sensitivity analysis led to fitting only the four parameters to which the predictions were most sensitive. The calibrated model predicts quite well the main observations associated with severe nitrogen stress, namely reduced growth, fast depletion of nitrate, gradual reduction of reduced-N content and considerable increase of dry matter content. Such a model could be used for devising greenhouse control policy that ensures acceptable levels of nitrate at reasonable production costs, as reported in, e.g., [22] [23] [24] . 
